In this article, an overview of recent advances in the field of battery-less near-field communication (NFC) sensors is provided, along with a brief comparison of other short-range radio-frequency identification (RFID) technologies. After reviewing power transfer using NFC, recommendations are made for the practical design of NFC-based tags and NFC readers. A list of commercial NFC integrated circuits with energy-harvesting capabilities is also provided. Finally, a survey of the state of the art in NFC-based sensors is presented, which demonstrates that a wide range of sensors (both chemical and physical) can be used with this technology. Particular interest arose in wearable sensors and cold-chain traceability applications. The availability of low-cost devices and the incorporation of NFC readers into most current mobile phones make NFC technology key to the development of green Internet of Things (IoT) applications.
Introduction
Near-field communication (NFC) is a radio-frequency identification system (RFID) that enables fast communication between devices over a short range using the 13.56-MHz RFID band [1] . Although near-field communication has existed for over a decade [2] , this technology did not become widespread until its extensive use in payment systems. NFC technology enables simple and safe two-way interactions between electronic devices, enabling consumers to perform contactless transactions, access digital content, and connect electronic devices with a single tap. Most current smartphones also incorporate an NFC reader. NFC systems are, therefore, gaining importance in the Internet of Things (IoT) scenario [3, 4] . NFC is also interesting for the development of low-cost sensors since it provides a quick and easy way of obtaining data from them simply by approaching the reader to the tag without having to pair the devices. The upcoming fifth generation (5G) of communication technology is expected to unleash a massive IoT ecosystem where networks can serve the communication needs for billions of connected devices, with the right trade-offs between speed, latency, and cost. RFID is one of the most important technologies for the massive deployment of IoT. It can bring IoT to unpowered objects with its ability to connect the unconnected. In addition, NFC can put IoT devices under a user's control and is easy to use with its "tap-and-go" nature. In particular, green NFC sensors based on energy harvesting can help in the design of a new generation of low-cost smart wearables and in the simplification of the man-machine interface, which opens the door to cooperative IoT for smart cities and Industry 4.0 applications.
Batteries in many electronic devices should be managed as hazardous waste because of their toxic contents or reactive properties [5] . In this context, green electronics technology provides solutions that are well suited to the broad needs of an energy-efficient society. Ambient energy harvesting is the process whereby energy is converted from the environment and stored for use in electronic be used since the identification can be done by other methods and the number of sensors in the read range may be small.
Concerning NFC, the most important NFC IC manufacturers, such as NXP, TI, ST Microelectronics, AMS, and Melexis, recently introduced advanced integrated circuits (IC) with energy-harvesting capabilities [28] . These chips collect part of the energy received by the magnetic field generated at the reader to provide an analog voltage output that can be used to power external electronics such as low-power microcontrollers or sensors. The progressive introduction of these ICs into the market enables the development of low-cost batteryless portable sensors [29, 30] .
A comparison of RFID technologies is shown in Table 1 . Bluetooth low energy (BLE) is also included as an example of low-power, short-range wireless technology. The availability of low-cost standardized technology and the custom of users to use NFC technology and wireless power transfer makes NFC technology one of the keys to the development of a new generation of green sensors for IoT applications. Table 1 . Comparison of radio-frequency identification (RFID) sensor technologies. NFC-near-field communication; UHF-ultra-high frequency; BLE-Bluetooth low energy; UWB-ultra-wideband; IC-integrated circuit; BAP-battery-assisted passive; ISM-industrial, scientific, and medical. Recent advances in NFC-based sensor technologies are reviewed in this paper. The paper is organized as follows: in Section 2, several practical considerations for the design of NFC-based sensors are provided. Firstly, wireless power transfer between the NFC reader and the IC is described. After that, the factors that limit the read range such as antenna coupling, the quality factor of the antennas, and detuning due to the metallic surfaces are examined. In this section, a survey of existing NFC IC with energy-harvesting capability is also conducted. Several green sensors found in the literature are summarized in Section 3. Finally, some conclusions are drawn in Section 4.
NFC Energy Harvesting
In batteryless mode, the tag is fully passive. In this mode, the NFC-enabled sensor harvests energy from incoming RF emissions (from a reader) to power the sensor interface and RF transmissions. In battery-assisted (semi-passive) mode, the NFC-enabled sensor can operate stand-alone in applications requiring autonomous and continuous monitoring working as data loggers. The life of a sensor tag may include operation in both modes: in semi-passive mode until the battery is exhausted, and thereafter, in passive mode. Data are stored in non-volatile memory and retained when the device is not powered. Figure 1 shows the block diagram of an NFC-based data logger assisted with a complementary energy source (e.g., solar cell). loggers. The life of a sensor tag may include operation in both modes: in semi-passive mode until the battery is exhausted, and thereafter, in passive mode. Data are stored in non-volatile memory and retained when the device is not powered. Figure 1 shows the block diagram of an NFC-based data logger assisted with a complementary energy source (e.g., solar cell). NFC employs electromagnetic induction between two loop antennas. It operates within the globally available unlicensed radio-frequency industrial, scientific, and medical (ISM) band of 13.56 MHz on the ISO/IEC 18000-3 air interface at rates ranging from 106 to 424 kbit/s. Communication in NFC systems is based on inductive coupling between the reader and the tag antennas. The receiver antenna is connected to the internal tag rectifier, which takes energy from the RF field that is used to power up the tag electronics. The internal logic demodulates the amplitude shift keyed (ASK) message from the reader. The tag transponder (which is assumed to be passive) responds, using the passive load modulation technique, by changing the antenna impedance of the tag [1, 31] . The passive load modulation spectrum consists of the RF carrier, two sidebands (at 12.712 MHz and 14.408 MHz), and modulated sidebands on these two subcarrier signals (Figure 2 ). All the transmitted data are carried in the two sidebands. The 13.56-MHz RF carrier, therefore, does not have to be transmitted by the transponder. The commands from the reader are transmitted in the sidebands of the carrier and the load modulation is carried in the sidebands of the two subcarriers shown in the blue triangles. Below, the conditions which must be met to enable communication between the reader and the tag are studied. A typical spectrum of an NFC radio-frequency identification (RFID) system illustrating the reader command around the carrier frequency and the load modulation at the sidebands. The impact of increasing the reader Q factor is also shown. NFC employs electromagnetic induction between two loop antennas. It operates within the globally available unlicensed radio-frequency industrial, scientific, and medical (ISM) band of 13.56 MHz on the ISO/IEC 18000-3 air interface at rates ranging from 106 to 424 kbit/s. Communication in NFC systems is based on inductive coupling between the reader and the tag antennas. The receiver antenna is connected to the internal tag rectifier, which takes energy from the RF field that is used to power up the tag electronics. The internal logic demodulates the amplitude shift keyed (ASK) message from the reader. The tag transponder (which is assumed to be passive) responds, using the passive load modulation technique, by changing the antenna impedance of the tag [1, 31] . The passive load modulation spectrum consists of the RF carrier, two sidebands (at 12.712 MHz and 14.408 MHz), and modulated sidebands on these two subcarrier signals (Figure 2 ). All the transmitted data are carried in the two sidebands. The 13.56-MHz RF carrier, therefore, does not have to be transmitted by the transponder. The commands from the reader are transmitted in the sidebands of the carrier and the load modulation is carried in the sidebands of the two subcarriers shown in the blue triangles. Below, the conditions which must be met to enable communication between the reader and the tag are studied. loggers. The life of a sensor tag may include operation in both modes: in semi-passive mode until the battery is exhausted, and thereafter, in passive mode. Data are stored in non-volatile memory and retained when the device is not powered. Figure 1 shows the block diagram of an NFC-based data logger assisted with a complementary energy source (e.g., solar cell). NFC employs electromagnetic induction between two loop antennas. It operates within the globally available unlicensed radio-frequency industrial, scientific, and medical (ISM) band of 13.56 MHz on the ISO/IEC 18000-3 air interface at rates ranging from 106 to 424 kbit/s. Communication in NFC systems is based on inductive coupling between the reader and the tag antennas. The receiver antenna is connected to the internal tag rectifier, which takes energy from the RF field that is used to power up the tag electronics. The internal logic demodulates the amplitude shift keyed (ASK) message from the reader. The tag transponder (which is assumed to be passive) responds, using the passive load modulation technique, by changing the antenna impedance of the tag [1, 31] . The passive load modulation spectrum consists of the RF carrier, two sidebands (at 12.712 MHz and 14.408 MHz), and modulated sidebands on these two subcarrier signals (Figure 2 ). All the transmitted data are carried in the two sidebands. The 13.56-MHz RF carrier, therefore, does not have to be transmitted by the transponder. The commands from the reader are transmitted in the sidebands of the carrier and the load modulation is carried in the sidebands of the two subcarriers shown in the blue triangles. Below, the conditions which must be met to enable communication between the reader and the tag are studied. A typical spectrum of an NFC radio-frequency identification (RFID) system illustrating the reader command around the carrier frequency and the load modulation at the sidebands. The impact of increasing the reader Q factor is also shown. A typical spectrum of an NFC radio-frequency identification (RFID) system illustrating the reader command around the carrier frequency and the load modulation at the sidebands. The impact of increasing the reader Q factor is also shown.
Link Budget

Forward Link
To establish communication between the reader and the tag (forward link) and to ensure enough power for the RF to direct current (DC) conversion to feed the electronic circuitry, the aim is to maximize power transfer from the reader to the tag. The power delivered to the tag IC (P d ) must, therefore, be above a threshold power (P th ):
where P s is the power transmitted at the reader, and G T is the available gain at the center frequency, f c . To this end, efficiency must be maximized. The system is modeled as shown in Figure 3 . Maximum efficiency is obtained from the available gain under matching conditions, G Tmax . This efficiency can be computed from the S-parameter measurements and expressed as a function of the parameter,
where k is the magnetic coupling between the reader and tag
and Q 1 and Q 2 are the quality factors of the reader and tag coils, respectively [32] .
Sensors 2018, 18, x FOR PEER REVIEW 5 of 26
Link Budget
Forward Link
To establish communication between the reader and the tag (forward link) and to ensure enough power for the RF to direct current (DC) conversion to feed the electronic circuitry, the aim is to maximize power transfer from the reader to the tag. The power delivered to the tag IC (Pd) must, therefore, be above a threshold power (Pth):
where Ps is the power transmitted at the reader, and GT is the available gain at the center frequency, fc. To this end, efficiency must be maximized. The system is modeled as shown in Figure 3 . Maximum efficiency is obtained from the available gain under matching conditions, GTmax. This efficiency can be computed from the S-parameter measurements and expressed as a function of the parameter, χ = k 2 Q1Q2, where k is the magnetic coupling between the reader and tag coils ( = / ) and Q1 and Q2 are the quality factors of the reader and tag coils, respectively [32] . Power transfer can, therefore, be maximized by increasing the quality factor of the antennas or increasing the coupling that is a function of the distance between the antennas. However, a high Q factor would lead to limited bandwidth (see Figure 2 ) and long-time constants, causing severe distortion in the modulated signal (see Figure 4) .
To ensure that the communication works properly, the maximum value of the Q factor of the initiator antenna must be such that the bandwidth B (at −3 dB), which is equal to fc/Q, is at least capable of channeling all the frequencies contained in the spectrum of the signal modulating the carrier frequency. The bandwidth of the forward link is the bandwidth of the modulation sidebands of the carrier and is dependent on the modulation scheme used by the reader. In the worst-case scenario (corresponding to the maximum value, Q1max, of the initiator antenna circuit), the fundamental bit rate of the square-wave signals (with a cyclic ratio of 50% in the case of non-return-to-zero (NRZ) bit coding) of that digital data stream must, therefore, be at least equal to half of the bandwidth B of the tuned circuit. The result is that Q1max is limited to fc/(2 × bit rate). Unfortunately, for NFC uplink ISO 18092 (or ISO 14443, type A), in order to ensure maximum energy transference, the carrier is modulated using ASK (with 100% of the modulation index) and Power transfer can, therefore, be maximized by increasing the quality factor of the antennas or increasing the coupling that is a function of the distance between the antennas. However, a high Q factor would lead to limited bandwidth (see Figure 2 ) and long-time constants, causing severe distortion in the modulated signal (see Figure 4) .
To ensure that the communication works properly, the maximum value of the Q factor of the initiator antenna must be such that the bandwidth B (at −3 dB), which is equal to f c /Q, is at least capable of channeling all the frequencies contained in the spectrum of the signal modulating the carrier frequency. The bandwidth of the forward link is the bandwidth of the modulation sidebands of the carrier and is dependent on the modulation scheme used by the reader. In the worst-case scenario (corresponding to the maximum value, Q 1max , of the initiator antenna circuit), the fundamental bit rate of the square-wave signals (with a cyclic ratio of 50% in the case of non-return-to-zero (NRZ) bit coding) of that digital data stream must, therefore, be at least equal to half of the bandwidth B of the tuned circuit. The result is that Q 1max is limited to f c /(2 × bit rate). Unfortunately, for NFC uplink ISO 18092 (or ISO 14443, type A), in order to ensure maximum energy transference, the carrier is modulated using ASK (with 100% of the modulation index) and modified Miller coding. In this modified Miller bit coding, a pause on the carrier frequency of duration, T p , is made (see the top of Figure 4 ). This pause, T p , is equivalent to the transmission of a frequency whose period is 2T p , which is an equivalent bit rate of (1/2T p ). Another interpretation in the time domain can be made. Figure 4 shows the amplitude envelope that decreases exponentially with a time constant, τ = Q/πf c . Assuming that the envelope will vanish after a few time constants, the reader Q factor is limited by Equation (3) [31] .
According to NFC forum standard ISO 14443, the quality factor is limited to 40 (35 considering design tolerances) at 106 kbit/s bit-rate transfers [31] . For applications that use NFC IP2-ISO 21481 with the authorized use of ISO 15693 and NFC-V targets, whatever the bit rate, the shortest time present in the uplink communication protocol is a "pause" lasting T p = 9.44 µs. In this case, Q 1max = 128, which generally can be reduced to Q 1max usable = 100 assuming design tolerances. Generally, these values of Q 1max usable are not difficult to obtain and are easy to reduce using serial resistors. Figure 4 ). This pause, Tp, is equivalent to the transmission of a frequency whose period is 2Tp, which is an equivalent bit rate of (1/2Tp). Another interpretation in the time domain can be made. Figure 4 shows the amplitude envelope that decreases exponentially with a time constant, τ = Q/πfc. Assuming that the envelope will vanish after a few time constants, the reader Q factor is limited by Equation (3) [31] .
According to NFC forum standard ISO 14443, the quality factor is limited to 40 (35 considering design tolerances) at 106 kbit/s bit-rate transfers [31] . For applications that use NFC IP2-ISO 21481 with the authorized use of ISO 15693 and NFC-V targets, whatever the bit rate, the shortest time present in the uplink communication protocol is a "pause" lasting Tp = 9.44 µs. In this case, Q1max = 128, which generally can be reduced to Q1max usable = 100 assuming design tolerances. Generally, these values of Q1max usable are not difficult to obtain and are easy to reduce using serial resistors. 
Reverse Link
The green line in Figure 2 shows the magnitude of the frequency response for a low Q reader, while the blue line shows the magnitude for a high Q reader. We can see that, as the Q factor increases, bandwidth decreases and attenuation increases at the subcarrier frequencies. The return signal, therefore, becomes smaller due to increased attenuation. In this case, the return signal power (Pb) is smaller than the reader sensitivity (Smin,reader) and the reader cannot decode the load modulation. This condition in the reverse link can be mathematically expressed as
where GT(fsub) is the system transducer gain at the subcarrier frequency, and Pm is the modulating power (Pm = m 2 /4Pd), which depends on the modulating factor, m. Typically, reader sensitivity is 110 dB below the level of the transmitter carrier signal (Smin,reader = −110 dBc) [1] . The read range can be limited by the forward link (Equation (1)) or by the reverse link (Equation (4)). In both cases, transducer gain is a function of the coupling coefficient between the two antennas, k. The coupling depends on the design, shape, area, materials, and distance of the antenna. The reader design may be different for different mobile devices. Differences in the read range are, therefore, expected depending on the coupling of each reader. The loaded quality factor of the tag is also not constant because the input impedance of the IC is nonlinear. For short distances, the IC receives high power and decreases load resistance and quality factor. The quality factor of the tag antenna is, therefore, not adjusted with external resistors, because it depends on the distance, which also simplifies the tag. 
The green line in Figure 2 shows the magnitude of the frequency response for a low Q reader, while the blue line shows the magnitude for a high Q reader. We can see that, as the Q factor increases, bandwidth decreases and attenuation increases at the subcarrier frequencies. The return signal, therefore, becomes smaller due to increased attenuation. In this case, the return signal power (P b ) is smaller than the reader sensitivity (S min,reader ) and the reader cannot decode the load modulation. This condition in the reverse link can be mathematically expressed as
where G T (f sub ) is the system transducer gain at the subcarrier frequency, and P m is the modulating power (P m = m 2 /4P d ), which depends on the modulating factor, m. Typically, reader sensitivity is 110 dB below the level of the transmitter carrier signal (S min,reader = −110 dBc) [1] . The read range can be limited by the forward link (Equation (1)) or by the reverse link (Equation (4)). In both cases, transducer gain is a function of the coupling coefficient between the two antennas, k. The coupling depends on the design, shape, area, materials, and distance of the antenna. The reader design may be different for different mobile devices. Differences in the read range are, therefore, expected depending on the coupling of each reader. The loaded quality factor of the tag is also not constant because the input impedance of the IC is nonlinear. For short distances, the IC receives high power and decreases load resistance and quality factor. The quality factor of the tag antenna is, therefore, not adjusted with external resistors, because it depends on the distance, which also simplifies the tag.
Tag Antenna Design Considerations
In order not to decrease the voltage that reaches the IC, a matching network is not used in the tag (as it is in the reader) that will introduce a voltage divider. Several studies [32, 33] demonstrated that, for example, introducing a series capacitance for matching increases the backscattering modulated level but reduces the energy that reaches the IC. The tag design, therefore, consists of the design of the antenna and the adjustment of the tag resonance frequency with no matching network. From a system perspective, the analog RF performance of a batteryless transponder can be considered using a simplified equivalent circuit (shown in Figure 3b ), where the IC chip is modeled as a parallel connection of a resistance (R IC ) and chip capacitances (C IC ). The tag's resonance frequency must be tuned to the central frequency of operation or slightly shifted to a higher frequency to avoid detuning caused by the presence of metallic materials or the reader's own loop. The tag's resonance frequency is approximately calculated using Equation (5).
where L a is the tag's antenna inductance, C IC is the internal IC capacitance, C p is the layout parasitic capacitance (which includes the antenna capacitance and the parasitic capacitance due to the interconnections), and C tuning is the capacitor used to adjust the resonance frequency to the operation frequency f c (13.56 MHz). The antenna inductance, L a , can be calculated from compact analytical formulas [34] , from numerical methods [35] , or using full-wave electromagnetic simulators.
The antenna losses are the result of conductor DC resistance, and the alternating current (AC) losses are due to the skin effect. Depending on the substrate material, additional (e.g., dielectric) losses may also be significant. Parasitic capacitance for planar loop coils is a function of the conductor area, the gap between turns, the dielectric substrate, and permittivity. This can generally be extracted from the antenna's resonance frequency. The losses in the dielectric are modeled with a resistance in parallel with the capacitor, R pa . This resistance can be neglected in antennas printed on low-loss substrates or in the air.
A key decision when designing the antenna is the size of the loop. Although this is restricted by the application, this decision plays a key role in the read range. To investigate the importance of the size of the antenna, the coupling between two circular loop antennas is considered as an example. Using Neumann's formula, mutual inductance M can be found as a function of the complete elliptic integrals (e.g., implemented in MATLAB using the ellipke function). Analytical expressions can be derived for this case [36] . Figure 5a depicts the coupling factor k between two loop antennas of radius r 1 and r 2 as a function of the ratio between the two radii for different axis distances x. It can be derived that there is an optimum ratio r 2 /r 1 that depends on the distance (see Figure 5b ). The most widespread NFC readers are those integrated into smartphones. As the main application is for making payments, mobile antennas are often optimized to read payment cards (standard size = 85.60 × 53.98 mm). The reader radius r 1 is, therefore, on the order of 2-2.5 cm. The typical read range is on the order of 1 cm. Figure 5 shows that the optimum case is when the two loop antennas have the same size (r 2 ≈ r 1 ). Although this conclusion is derived for the special case of circular loop antennas, the result can be extended to other shapes. Modern mobiles often use metallic cases; thus, a special design is used to avoid any losses introduced by the metallic parts or batteries [37] [38] [39] . Some mobiles use ferrites to avoid this problem [40, 41] . Another factor that can reduce wireless power transfer is the detuning of the tag antenna when the mobile's metallic parts are close to the tag. An example of a tag antenna was presented in order to study the effects of detuning [42] . Here, the antenna was designed using a two-dimensional (2D) full-wave simulator (Keysight-Momentum). To enable reading with a mobile NFC reader, a 50 × 50 mm loop antenna with six turns on a 0.8-mm-thick FR4 was chosen. The trace had a width of 0.7 mm and the gap between traces was 1 mm. By measuring the DC resistance, inductance, and resistance at the resonance frequency, the antenna model shown in Figure 3b could be obtained [42] . Figure 6 shows the inductance and quality factor of the tag antenna for several distances to a ground plane that simulates the mobile case. Agreement between the simulations and measurements is good. The measurements were taken by measuring the parameter S11 of a test antenna connected by means of a SubMiniature version A (SMA) connector to a vector network analyzer (VNA). The antenna impedance (Z) can be obtained from parameter S11 as a function of frequency for different antenna-to-metal distances. The antenna quality factor is obtained from Q = Im(Z)/Re(Z) at the operation frequency. An important reduction in inductance due to the induced image currents and an increase in losses due to the metal are observed. Modern mobiles often use metallic cases; thus, a special design is used to avoid any losses introduced by the metallic parts or batteries [37] [38] [39] . Some mobiles use ferrites to avoid this problem [40, 41] . Another factor that can reduce wireless power transfer is the detuning of the tag antenna when the mobile's metallic parts are close to the tag. An example of a tag antenna was presented in order to study the effects of detuning [42] . Here, the antenna was designed using a two-dimensional (2D) full-wave simulator (Keysight-Momentum). To enable reading with a mobile NFC reader, a 50 × 50 mm loop antenna with six turns on a 0.8-mm-thick FR4 was chosen. The trace had a width of 0.7 mm and the gap between traces was 1 mm. By measuring the DC resistance, inductance, and resistance at the resonance frequency, the antenna model shown in Figure 3b could be obtained [42] . Figure 6 shows the inductance and quality factor of the tag antenna for several distances to a ground plane that simulates the mobile case. Agreement between the simulations and measurements is good. The measurements were taken by measuring the parameter S 11 of a test antenna connected by means of a SubMiniature version A (SMA) connector to a vector network analyzer (VNA). The antenna impedance (Z) can be obtained from parameter S 11 as a function of frequency for different antenna-to-metal distances. The antenna quality factor is obtained from Q = Im(Z)/Re(Z) at the operation frequency. An important reduction in inductance due to the induced image currents and an increase in losses due to the metal are observed. The resonance frequency of the tag can be adjusted using Equation (5) if antenna inductance, IC capacitance, and parasitic antenna capacitance are known. A practical procedure for adjusting the tuning capacitance (Ctuning in Figure 3 ) can be conducted with a vector network analyzer. A test antenna (another prototype of the same antenna or a simple wire loop soldered to an SMA connector) is connected to port 1, and the S11 parameter is measured with the tag close to the mobile. The distance between the test antenna and the tag must be large enough (e.g., 1 cm) to avoid coupling between the antennas. After that, the tuning capacitance can be changed to tune the resonance frequency to the frequency of operation. Figure 7 shows the S11 parameter measured for a tag adjusted in the air with Ctuning = 22 pF and detuned due to the proximity of a mobile with a metallic case (model Huawei G8) at several distances between 1 and 12 mm. In order to solve this effect, the tag can be tuned again to 13.56 MHz for the desired distance by increasing tuning capacitance. Due to the power limitation of a standard VNA (often 20 dBm), the excitation field in this test is smaller than for a real reader. A modified VNA set-up with an external amplifier and a reflectometer was used in Reference [43] to characterize the tag under similar power conditions to the actual operation with a reader. IC impedance (especially the equivalent resistance) is, therefore, higher than for a real situation. The resistance of the chip typically decreases from RIC = 5 kΩ to 1 kΩ under high power excitation when the tag is very close to the reader [43] . The quality factor of the whole transponder QT at the resonance frequency (which should not be confused with the antenna's Q factor) can be derived from the parallel equivalent circuit of the antenna:
where RT is the tag's total equivalent resistance, calculated by
The equivalent parallel resistance Rpa can be derived from the series antenna resistance: Figure 6 . Simulated and measured antenna inductance (top) and quality factor (bottom) as a function of the distance to a ground plane [42] .
The resonance frequency of the tag can be adjusted using Equation (5) if antenna inductance, IC capacitance, and parasitic antenna capacitance are known. A practical procedure for adjusting the tuning capacitance (C tuning in Figure 3 ) can be conducted with a vector network analyzer. A test antenna (another prototype of the same antenna or a simple wire loop soldered to an SMA connector) is connected to port 1, and the S 11 parameter is measured with the tag close to the mobile. The distance between the test antenna and the tag must be large enough (e.g., 1 cm) to avoid coupling between the antennas. After that, the tuning capacitance can be changed to tune the resonance frequency to the frequency of operation. Figure 7 shows the S 11 parameter measured for a tag adjusted in the air with C tuning = 22 pF and detuned due to the proximity of a mobile with a metallic case (model Huawei G8) at several distances between 1 and 12 mm. In order to solve this effect, the tag can be tuned again to 13.56 MHz for the desired distance by increasing tuning capacitance. Due to the power limitation of a standard VNA (often 20 dBm), the excitation field in this test is smaller than for a real reader. A modified VNA set-up with an external amplifier and a reflectometer was used in Reference [43] to characterize the tag under similar power conditions to the actual operation with a reader. IC impedance (especially the equivalent resistance) is, therefore, higher than for a real situation. The resistance of the chip typically decreases from R IC = 5 kΩ to 1 kΩ under high power excitation when the tag is very close to the reader [43] . The quality factor of the whole transponder Q T at the resonance frequency (which should not be confused with the antenna's Q factor) can be derived from the parallel equivalent circuit of the antenna:
where R T is the tag's total equivalent resistance, calculated by
The equivalent parallel resistance R pa can be derived from the series antenna resistance: Figure 7 . Measured S11 of the test antenna as a function of frequency for different distances between the tag and the mobile [42] .
The tag quality factor, therefore, decreases and the tag bandwidth (BW) increases with the increase in distance. When the reader-tag range decreases, the input voltage increases, and the rectifier gradually becomes conductive. On the other hand, the voltage-dependent parasitic capacitance increases by about 1.5% [43] . Therefore, the resonance tends to decrease due to the variation of the chip capacitance. Moreover, taking into account the presence of metal (smartphone case), the variation in the resonance frequency is masked since the inductance is significantly reduced due to the proximity to the metal. Consequently, an overall increase in the resonance frequency (see Figure 7) is produced. This result can be interpreted by analyzing Equation (5). However, because Rpa >> RIC, the tag Q factor is mainly fixed by the chip resistance. Figure 8 shows the quality factor and the BW as a function of the tag-to-mobile distance. We can see that the BW is higher than that required for ISO15693 (968 kHz) and that shape distortion is due more to the reader than to the tag. The tag quality factor, therefore, decreases and the tag bandwidth (BW) increases with the increase in distance. When the reader-tag range decreases, the input voltage increases, and the rectifier gradually becomes conductive. On the other hand, the voltage-dependent parasitic capacitance increases by about 1.5% [43] . Therefore, the resonance tends to decrease due to the variation of the chip capacitance. Moreover, taking into account the presence of metal (smartphone case), the variation in the resonance frequency is masked since the inductance is significantly reduced due to the proximity to the metal. Consequently, an overall increase in the resonance frequency (see Figure 7) is produced. This result can be interpreted by analyzing Equation (5). However, because R pa >> R IC , the tag Q factor is mainly fixed by the chip resistance. Figure 8 shows the quality factor and the BW as a function of the tag-to-mobile distance. We can see that the BW is higher than that required for ISO15693 (968 kHz) and that shape distortion is due more to the reader than to the tag.
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The tag quality factor, therefore, decreases and the tag bandwidth (BW) increases with the increase in distance. When the reader-tag range decreases, the input voltage increases, and the rectifier gradually becomes conductive. On the other hand, the voltage-dependent parasitic capacitance increases by about 1.5% [43] . Therefore, the resonance tends to decrease due to the variation of the chip capacitance. Moreover, taking into account the presence of metal (smartphone case), the variation in the resonance frequency is masked since the inductance is significantly reduced due to the proximity to the metal. Consequently, an overall increase in the resonance frequency (see Figure 7) is produced. This result can be interpreted by analyzing Equation (5). However, because Rpa >> RIC, the tag Q factor is mainly fixed by the chip resistance. Figure 8 shows the quality factor and the BW as a function of the tag-to-mobile distance. We can see that the BW is higher than that required for ISO15693 (968 kHz) and that shape distortion is due more to the reader than to the tag. Table 2 lists several NFC IC representatives with energy-harvesting capabilities. Some of these support ISO14443-3 or ISO15693. The table includes the maximum sink current (usable for external electronic devices such a microcontroller or sensors) and the nominal voltage (for low current consumption). The level of energy-harvesting voltage at the output is generated by the rectification of an RF signal in a non-regulated DC voltage that is only limited by the RF input clamping circuit. The maximum sink current is a function of the magnetic field present at the input. This value is obtained for the highest magnetic field; however, in most ICs, the voltage at this point decreases. Typically, currents around 5 mA for output voltages between 2 and 3 V and magnetic fields of the order of 3.5-5 A/m are obtained (e.g., 6 mA current and 1.7 V at 3.5 A/m is obtained for the M24LR-E-R or 4 mA and 3 V at 5 A/m for the ST25DV). Silicon Craft recently reported an IC with up to 10 mA (for the maximum field of 7.5 A/m) integrating an analog-to-digital converter (ADC) oriented to chemical sensors. Each series has a different memory size from 4 to 64 kbit and can be connected to other devices or microcontrollers using the I 2 C bus or serial-to-parallel interface (SPI). Although most of them are designed to be connected to a microcontroller, the MLX90129 from Melexis, the SL13 from AMS, and the SIC43x from Silicon Craft integrate an analog/digital (A/D) interface for autonomous sensor acquisition. Another special case is model RF430FRL152H from TI, which integrates a low-power microcontroller MSP430 and a 14-bit digital signal A/D interface. For a well-designed batteryless tag, the main restriction in the read range is the power-up condition (Equation (1)) compared with the load modulation sideband amplitude (Equation (4)). Equation (1) can be expressed in terms of the magnetic field. For correct RF to DC conversion, the average magnetic field (H av ) (Equation (9)) received by the NFC IC must be above a threshold H-field (H min ). If the magnetic field is above that threshold, the harvesting voltage output can be below the desired value for the required current load. H av depends on both the reader and tag antennas and the coupling, and therefore, on the distance between the reader and the tag. H av is measured by the magnetic antenna factor, AF (Equation (10)). A procedure for calibrating the antenna factor of the tag antenna is described in Reference [44] .
Tag ICs with Energy Harvesting
where A is the loop area, N is the number of loops, Z 0 , is the reference impedance (50 Ω), and Z in is the input impedance of the antenna measured with the VNA. The root-mean-square voltage (V RMS ) is obtained from the power P measured with a spectrum analyzer (V RMS = (Z 0 ·P) 1/2 ).
The minimum H-field as a function of tag resonance frequency can be described using Equation (11) [43] .
where f r is the resonance frequency of the tag, Q T is the total quality factor of the tag given by Equation (6), and U min is the minimum voltage required for the tag operation, which depends on the chip IC design and technology used. Equation (11) shows the importance of the tag resonance frequency being tuned to the operation frequency (13.56 MHz) and the highest tag quality factor for achieving a larger read range. In energy-harvesting tags, the maximum sink current for the sensor depends on the magnetic field. In order to increase this value, the tag is located at a lower distance compared to a conventional NFC tag, because an extra input power for the external devices is required. Therefore, the loading effect between tag and reader coils becomes significant when the distance decreases [43, 45] resulting in detuning. Moreover, as shown earlier (e.g., Figure 6 ), the presence of metal under the tag can decrease antenna inductance and detune the tag, thus increasing H min . Other strategies for reducing H min involve increasing the tag antenna area or the number of turns. However, the increase in tag area forces an increase in reader antenna area in order not to degrade the coupling factor. In order to reduce the loading effect, it is important to choose the inductance value. Small inductance values, for instance, yield lower inductance voltages and require larger Q, while large inductance values require lower effective Q (larger number of coils, reduced current in the coil, and the resulting load effect is lower). However, from Equation (5), higher inductance results in smaller capacitances; therefore, the tolerances due to the layout fabrication and tuning capacitance must be reduced. In fact, less inductance (and more capacitance to result in equal resonance frequency) allows achieving higher chip currents, of course at the expense of increased loading and detuning of the reader [43] .
Unfortunately, H min depends on parameters that are often not provided by the IC manufacturer, such as U min , harvesting power consumption, or other parameters that depend on the antenna and chip impedance, such as Q T . H min is independent of the reader used.
The experiment carried out in Reference [42] showed how the minimum H-field can be obtained for a tag design with the target current consumption. Figure 9 compares the measured H av and the harvesting output voltage generated by two mobiles (Huawei G8 and Xiaomi Mi Note 2) as a function of the tag-to-mobile distance. Although mobile Model 1 generated higher power and the read range was wider, the threshold value was approximately the same H min = 1.1 A RMS /m. In this experiment, the NFC IC (M24LR04E-R) was loaded with the microcontroller (Attiny85 from AVR) and the sensors, in order to take into account the nominal current consumption (about 900 µA) under normal operation. It can be seen that the harvested output remained almost constant throughout the read range before the IC deactivated this output. If the application requires an NFC antenna to be very close to a metal plate or printed circuit board (PCB) electronics, a thin ferrite foil can help isolate the antenna from the metal [46] [47] [48] . In the case of the reader, it can also reduce interference from mobile circuits. Ferrite material can conduct the magnetic flux multiple times better than free air. The effect of the ferrite increases the antenna inductance by a factor µref (the definition of µref is analogous to the relative effective permittivity to take into account the increase of the capacitance on an inhomogeneous transmission line). The analysis performed earlier is valid if µ0 is replaced by µ0µref in Equation (11) . The change in inductance leads to detuning of the tag in comparison with the case of air; therefore, tuning capacitance must be adjusted. Two types of ferrite foils are available on the market: polymer absorber sheets and sintered ferrite sheets. The former has higher losses, and the effective permittivity Re(µr) is on the order of 20-60. The latter achieves higher Re(µr), on the order of 100-190, and fewer Im(µr) losses, typically 5-10 at 13.56 MHz (e.g., MHLL12060-000 from Laird). Ferrite foils can be ±15-20% the tolerance of µr, which translates to tolerance in the antenna inductances. From Equation (11), after taking into account the correction in the effective magnetic permeability, we should expect Hmin at the resonance frequency to remain unaltered compared with the antenna in the air. However, the ferrite losses slightly reduce the total Q factor QT, and Hmin(fr) with ferrite is slightly higher (roughly 15%) than in the case of air without ferrites [48] . Ferrite magnetic permeability is a function of temperature. Specific conductance has a significant temperature gradient. Inductance, quality factor, and resonance frequency are, therefore, temperature-dependent and Hmin, therefore, changes with temperature. This temperature dependence must be considered in industrial or automotive applications.
Since the direction of the magnetic field is almost parallel to the metal surface, a tag must be specially designed to obtain enough flux through the tag antenna coil surface. Figure 10a ,c show that the magnetic field is parallel to the metal surface and that the magnetic flux is concentrated in the proximity of the coil [46] , whereas the magnetic flux is zero in the center of the coil because of the cancelation of the field due to the image currents with the opposite sign. The field boundary conditions imposed by the ferrite make the magnetic field almost perpendicular, which is similar to the situation in the case of free space (Figure 10b,d) . Reference [48] compared the operating distance between a sticker with ferrite foil composite and air coil in the presence of metal and reported that communication was not achievable with the air coil when the metal distance was less than 1 mm. On the other hand, a communication distance of 30 mm was obtained with a ferrite composite when the Figure 9 . Measured average magnetic field (top) and harvesting output voltage (bottom) as a function of the tag-to-reader distance for two mobile models. We can see that, once the magnetic field goes below the threshold, the voltage output falls to zero.
If the application requires an NFC antenna to be very close to a metal plate or printed circuit board (PCB) electronics, a thin ferrite foil can help isolate the antenna from the metal [46] [47] [48] . In the case of the reader, it can also reduce interference from mobile circuits. Ferrite material can conduct the magnetic flux multiple times better than free air. The effect of the ferrite increases the antenna inductance by a factor µ ref (the definition of µ ref is analogous to the relative effective permittivity to take into account the increase of the capacitance on an inhomogeneous transmission line). The analysis performed earlier is valid if µ 0 is replaced by µ 0 µ ref in Equation (11) . The change in inductance leads to detuning of the tag in comparison with the case of air; therefore, tuning capacitance must be adjusted. Two types of ferrite foils are available on the market: polymer absorber sheets and sintered ferrite sheets. The former has higher losses, and the effective permittivity Re(µ r ) is on the order of 20-60. The latter achieves higher Re(µ r ), on the order of 100-190, and fewer Im(µ r ) losses, typically 5-10 at 13.56 MHz (e.g., MHLL12060-000 from Laird). Ferrite foils can be ±15-20% the tolerance of µ r , which translates to tolerance in the antenna inductances. From Equation (11), after taking into account the correction in the effective magnetic permeability, we should expect H min at the resonance frequency to remain unaltered compared with the antenna in the air. However, the ferrite losses slightly reduce the total Q factor Q T , and H min (f r ) with ferrite is slightly higher (roughly 15%) than in the case of air without ferrites [48] . Ferrite magnetic permeability is a function of temperature. Specific conductance has a significant temperature gradient. Inductance, quality factor, and resonance frequency are, therefore, temperature-dependent and H min , therefore, changes with temperature. This temperature dependence must be considered in industrial or automotive applications.
Since the direction of the magnetic field is almost parallel to the metal surface, a tag must be specially designed to obtain enough flux through the tag antenna coil surface. Figure 10a ,c show that the magnetic field is parallel to the metal surface and that the magnetic flux is concentrated in the proximity of the coil [46] , whereas the magnetic flux is zero in the center of the coil because of the cancelation of the field due to the image currents with the opposite sign. The field boundary conditions imposed by the ferrite make the magnetic field almost perpendicular, which is similar to the situation in the case of free space (Figure 10b,d) . Reference [48] compared the operating distance between a sticker with ferrite foil composite and air coil in the presence of metal and reported that communication was not achievable with the air coil when the metal distance was less than 1 mm. On the other hand, a communication distance of 30 mm was obtained with a ferrite composite when the EMVCo test bench was used. Communication distance increased as the distance to the metal plate increased. When the metal distance was 10 mm, the air and ferrite composite reached the same communication distance. 
NFC for Wearable Applications
One of the most interesting applications for NFC sensors is wearable applications for which the tag is on the body. With wearable devices, the effects of the body on the antenna must be taken into account. At this point, it is important to note that inductance is not affected by the dielectric substrate and is, therefore, unaltered by the body in applications where the tag is attached to the skin. However, parasitic capacitance (Cp) increases due to the high permittivity of bodily matter. The tag's resonance frequency must, therefore, take into account the body's presence. The coupling coefficient is also essentially unaltered by the body's presence. This panorama is dramatically different at UHF or microwave frequencies, where the high losses and the detuning of the antennas due to the body reduce the efficiency of the antennas, thus noticeably reducing the read range. Therefore, as we describe below, NFC technology is highly compatible with wearable applications. The dielectric losses can be modeled by adding a resistance in parallel to the antenna (Rpa in Figure  3b) . To quantify the effect of the body on the antenna, several simulations were performed. The same antenna as in Figure 6 , printed on a 0.8-mm-high FR4 substrate was simulated in the air and on the body. It was assumed that the tag was on the arm, which was simulated using a planar stack of different dielectrics, as shown in Table 3 . For the sake of simplicity, the curvature of the arm was ignored. The data for relative permittivity and conductivity were taken from Reference [49] . However, there was a large variation between individuals depending on the water content of their tissues. The results are shown in Table 4 . Apart from the increase in capacity due to the high permittivity of the body, much deterioration in the quality factor was observed due to the losses. One solution is to isolate the body with a ferrite foil, as in the case of metal tags. A ferrite foil with a thickness of 100 µm (µr = 120 − j5) and an adhesive layer of a thickness of 100 µm (εr = 2.0, tanδ = 0.002) was inserted below the antenna. An increase in antenna inductance was observed due to the 
One of the most interesting applications for NFC sensors is wearable applications for which the tag is on the body. With wearable devices, the effects of the body on the antenna must be taken into account. At this point, it is important to note that inductance is not affected by the dielectric substrate and is, therefore, unaltered by the body in applications where the tag is attached to the skin. However, parasitic capacitance (C p ) increases due to the high permittivity of bodily matter. The tag's resonance frequency must, therefore, take into account the body's presence. The coupling coefficient is also essentially unaltered by the body's presence. This panorama is dramatically different at UHF or microwave frequencies, where the high losses and the detuning of the antennas due to the body reduce the efficiency of the antennas, thus noticeably reducing the read range. Therefore, as we describe below, NFC technology is highly compatible with wearable applications. The dielectric losses can be modeled by adding a resistance in parallel to the antenna (R pa in Figure 3b) . To quantify the effect of the body on the antenna, several simulations were performed. The same antenna as in Figure 6 , printed on a 0.8-mm-high FR4 substrate was simulated in the air and on the body. It was assumed that the tag was on the arm, which was simulated using a planar stack of different dielectrics, as shown in Table 3 . For the sake of simplicity, the curvature of the arm was ignored. The data for relative permittivity and conductivity were taken from Reference [49] . However, there was a large variation between individuals depending on the water content of their tissues. The results are shown in Table 4 . Apart from the increase in capacity due to the high permittivity of the body, much deterioration in the quality factor was observed due to the losses. One solution is to isolate the body with a ferrite foil, as in the case of metal tags. A ferrite foil with a thickness of 100 µm (µ r = 120 − j5) and an adhesive layer of a thickness of 100 µm (ε r = 2.0, tanδ = 0.002) was inserted below the antenna. An increase in antenna inductance was observed due to the permeability of the ferrite foil and a smooth increase in losses compared to in the air. Another improvement when ferrite foil was inserted was that the design was insensitive to changes in individuals or parts of the body. One drawback, however, is that sintered ferrite sheets are expensive. Another simple solution to mitigate the effects of the body consists of introducing a spacer made with a low-permittivity material (such as a plastic ε r ≈ 2 or foam ε r ≈ 1) between the skin and the tag substrate. The separation of the antenna from the body significantly reduces the effects of the latter. In Table 4 , simulated results for a spacer of foam (thickness: 1 mm) and plastic (thickness: 1 mm and 2 mm) are shown. In the case of plastic, to obtain results closer to the foam case (or air), it is necessary to double the thickness. The low-permittivity spacer allows for reducing the effective permittivity. Consequently, the parasitic capacitance decreases and the antenna resonance frequency increases, approaching the values expected for the air case. This solution is often implemented on wristbands [50, 51] where the spacer is integrated into the belt, usually made with a biocompatible material such as silicone. In other cases, such as on body patch or tattoo tags, the thickness required is not allowed. The reduction of tag quality factor Q T due to the higher losses on the antenna caused by the presence of the body and the detuning due to the change of parasitic antenna capacitance increases the value of H min . In general, the first consequence is a reduction in the communication range; however, for NFC sensors with energy harvesting, the increase in H min reduces the maximum output current and output harvested voltage. Consequently, the sensor may not be powered up correctly. Thus, it is important to correctly adjust the tuning capacitance in the energy-harvesting NFC tags (see Table 4 ). Tags implemented with low inductance values (and adjusting the tuning capacitance for the resonance at the operation frequency) present lower sensitivity to variations in permittivity between persons or body parts. In addition, the use of a spacer helps further increase this tolerance. However, the area must be similar to the antenna used in the reader to maintain a coupling coefficient as high as possible. 
NFC Reader Design Considerations
Current mobiles recently incorporated NFC readers. NFC-based sensors are, therefore, normally read with these devices. However, certain applications (e.g., industrial ones) require a specific reader. Manufacturers of integrated circuits have solutions based on a low-cost single-chip reader. Such cases require the antenna for the reader and the control software of the microcontroller connected to the reader to be designed. To achieve maximum read distance, maximum power must be transmitted to the antenna; thus, the impedance of the transmitter must be the conjugate of the antenna. For this, a matching network must be designed. In addition to reducing electromagnetic (EM) interference with other systems, a low-pass band filter is inserted after the transmitter to attenuate the harmonics of the transmitted signal. This filter introduces some extra distortion into the signal and increases the bandwidth (or reduces the quality factor). A simple L-matching network is used as the matching network. In practice, the Tx output is usually differential (to enable double output voltage swing from a single supply voltage). Figure 11a shows a model of a differential reader with an EM interference (EMI) filter (capacitance C 0 , inductor L 0 , and inductor losses R 0 ), the matching network, which consists only of capacitances (C s and C p ), and the antenna model. The antenna is assumed to be an inductive load (the antenna resonance frequency is higher than the operation band). This load impedance often falls within the allowed region on the Smith chart that can be matched with an L-matching network with two capacitors. The output transmitter resistance R out depends on the transmitter's current consumption and, therefore, on the transmitted power, and is generally given by the IC manufacturer. HF capacitors (with C0G or NP0 dielectric) have negligible losses and less tolerance. The input impedance from the receiver is typically capacitive and is modeled as capacitance C in . The resistance R x is inserted in order to attenuate the transmitter signal and to avoid receiver saturation. The antenna model can be obtained from electromagnetic simulations or from S 11 measurements with a VNA [27] . The C a capacitance is derived from the antenna's unload resonance frequency. The design procedure is described below.
1. Design of EMI filter: a filter cut-off is chosen between 15-20 MHz and is given by
2. Adjustment of the maximum quality factor: the second step is to adjust the quality factor to make it equal to Q 1max . In both this step and the design of the matching network, it is assumed for the design criteria that the tag is far enough away to make the coupling very weak. Tag proximity, therefore, has no influence on the load impedance and the tag is matched for small couplings, where efficient wireless power transfer is more important. If the tag is close to the antenna reader, the main effect is a reduction in the reader quality factor, which is given by [52] 
This reduction in quality factor leads to an increase in matching bandwidth. The unloaded quality factor (Q 1u ) is adjusted by adding two series resistance R s with values of
3. Design of the matching network: at this point, it is useful to design the L-matching network to use the single-ended equivalent circuit in Figure 11b . The values of C s and C p can be found with the help of the Smith chart or from the following equations:
where
is the load admittance (see Figure 11b) , and Z g = R g + jX g is the impedance at the input of the matching network (see Figure 11b ). 4. Adjustment of the attenuation of the receiver path: the resistance R x controls the attenuation of the signal to the receiver. Usually, this resistance is high and the effect on the design of the matching networks is small. It is recommended that this adjustment should be made after checking with an oscilloscope with a low-capacitance probe that the voltage at the receiver input (R x1 or R x2 ) does not exceed the limit given by the reader manufacturer. 4. Adjustment of the attenuation of the receiver path: the resistance Rx controls the attenuation of the signal to the receiver. Usually, this resistance is high and the effect on the design of the matching networks is small. It is recommended that this adjustment should be made after checking with an oscilloscope with a low-capacitance probe that the voltage at the receiver input (Rx1 or Rx2) does not exceed the limit given by the reader manufacturer.
NFC Sensors
The progressive introduction of NFC ICs into the market enables the development of low-cost batteryless portable sensors. Figure 12 shows the number of NFC-enabled mobile devices worldwide between 2012 and 2018 [53, 54] . Between 2013 and the end of 2018, worldwide shipments of NFC-enabled cellphones rose by 325%. Market estimations expect that, by 2020, 85% of smartphones will be equipped with NFC. In this section, we review several NFC-based sensors in the literature. Some of these sensors are listed in Table 5 . The second column in this table describes the target application or sensor type. The third column shows the NFC IC used in commercial devices or custom IC designs. Although we focused on passive devices, we also included some interesting semi-passive (battery-assisted passive tags) or data logger implementations. Several comments are also included. The references were sorted based on application. 
The progressive introduction of NFC ICs into the market enables the development of low-cost batteryless portable sensors. Figure 12 shows the number of NFC-enabled mobile devices worldwide between 2012 and 2018 [53, 54] . Between 2013 and the end of 2018, worldwide shipments of NFC-enabled cellphones rose by 325%. Market estimations expect that, by 2020, 85% of smartphones will be equipped with NFC. In this section, we review several NFC-based sensors in the literature. Some of these sensors are listed in Table 5 . The second column in this table describes the target application or sensor type. The third column shows the NFC IC used in commercial devices or custom IC designs. Although we focused on passive devices, we also included some interesting semi-passive (battery-assisted passive tags) or data logger implementations. Several comments are also included. The references were sorted based on application. One pioneering work is the NFC-WISP platform [29] . In this case, rectification is done externally using a full-wave rectifier with discrete diodes, and the ISO-14443 protocol is completely implemented in a low-power microcontroller (TI MSP430). Optionally, an E-ink screen can be used to show the measurements. In this case, a thin-film battery or supercapacitor must be used in order to provide the peak current for the E-ink screen. Temperature measurement for cold-chain data logging is shown as an RFID data logger, which provides temperature history for personnel without post-processing via the E-ink screen. Reference [55] reports a system inspired by the NFC-WISP design for monitoring the temperature of newborns in an incubator. The tag was positioned on the mattress inside the incubator and the reader (TI TRF7970A) was placed below the mattress tray. Temperature was recorded periodically.
Another implementation for cold-chain temperature monitoring and quality is found in Reference [56] , which developed a critical temperature indicator (CTI) based on a solvent melting point. The smart sensor combines irreversible visual color changes and RFID. A Melexis MLX90129 was used to measure the change in resistance of multi-walled carbon nanotubes (MWCNTs) connected to two copper wires. The proposed CTI smart sensor integrates the microfluidic CTI to an RFID tag in order to remotely detect the melting of the solvent once the critical temperature is reached. The CTI smart sensor has a fast response to the critical temperature of 18-19 °C.
The medical market is especially poised to take advantage of NFC thanks to smart sensors that can measure the physical conditions of patients and wirelessly transmit the data to a nearby smartphone [57] . The measuring of vital signs for personalized healthcare is generating substantial interest from ambient assisted living solutions [58, 59] . NFCs provide an intuitive user interface that is easy for patients to use. The latency between touching the device and displaying the result is typically less than one second. The main properties of these sensors are that they are wearable, low-cost, and green. Moreover, the tags can be disposed of in order to avoid contamination between patients. Smartphones enabled with NFC technology facilitate integration with cloud services because the same app that is used for sensor data reading can upload the data to the cloud using a mobile or WiFi internet connection. The continuous monitoring of medical parameters can help improve the diagnosis and follow-up of several diseases, while also reducing personal attention. In the long term, incorporating these sensors can help reduce the cost of healthcare in societies with aging populations. Another potential application is the development of devices for fast screening before deciding whether more expensive analysis is required. One pioneering work is the NFC-WISP platform [29] . In this case, rectification is done externally using a full-wave rectifier with discrete diodes, and the ISO-14443 protocol is completely implemented in a low-power microcontroller (TI MSP430). Optionally, an E-ink screen can be used to show the measurements. In this case, a thin-film battery or supercapacitor must be used in order to provide the peak current for the E-ink screen. Temperature measurement for cold-chain data logging is shown as an RFID data logger, which provides temperature history for personnel without post-processing via the E-ink screen. Reference [55] reports a system inspired by the NFC-WISP design for monitoring the temperature of newborns in an incubator. The tag was positioned on the mattress inside the incubator and the reader (TI TRF7970A) was placed below the mattress tray. Temperature was recorded periodically.
Another implementation for cold-chain temperature monitoring and quality is found in Reference [56] , which developed a critical temperature indicator (CTI) based on a solvent melting point. The smart sensor combines irreversible visual color changes and RFID. A Melexis MLX90129 was used to measure the change in resistance of multi-walled carbon nanotubes (MWCNTs) connected to two copper wires. The proposed CTI smart sensor integrates the microfluidic CTI to an RFID tag in order to remotely detect the melting of the solvent once the critical temperature is reached. The CTI smart sensor has a fast response to the critical temperature of 18-19 • C.
The medical market is especially poised to take advantage of NFC thanks to smart sensors that can measure the physical conditions of patients and wirelessly transmit the data to a nearby smartphone [57] . The measuring of vital signs for personalized healthcare is generating substantial interest from ambient assisted living solutions [58, 59] . NFCs provide an intuitive user interface that is easy for patients to use. The latency between touching the device and displaying the result is typically less than one second. The main properties of these sensors are that they are wearable, low-cost, and green. Moreover, the tags can be disposed of in order to avoid contamination between patients. Smartphones enabled with NFC technology facilitate integration with cloud services because the same app that is used for sensor data reading can upload the data to the cloud using a mobile or WiFi internet connection. The continuous monitoring of medical parameters can help improve the diagnosis and follow-up of several diseases, while also reducing personal attention. In the long term, incorporating these sensors can help reduce the cost of healthcare in societies with aging populations. Another potential application is the development of devices for fast screening before deciding whether more expensive analysis is required. One example of the above is the design of biopatches for body temperature monitoring (see Reference [60] ). Here, the sensor was based on a thermistor and a Wheatstone bridge, where the internal ADC of the RF430FRL152H NFC IC from Texas Instruments was used. The biopatch can be used as a data logger if a small 1.5-V battery (with 30 days of autonomy) is used or in passive mode for instant temperature measurement. Analog inputs are used to read the temperature sensor, and the values read by the ADC are stored in the ferroelectric random-access memory (FRAM) to be downloaded when required. The timer is responsible for managing the time intervals. Another example of a biopatch for measuring temperature or light intensity, implemented in the form of an adhesive E-tattoo, was presented in Reference [61] . An RF430FRL152H NFC IC drives a light-emitting diode (LED) and a phototransistor that is able to detect backscattered or ambient light. Analog signals from sensors such as the thermistor and phototransistor are digitized with the ADC inside the NFC chip. These data are then transmitted by NFC. A Cu foil is laminated on thermal release tape (TRT). The circuit is made with a mechanical cutter plotter and is transferred onto water-soluble tape (WST) backed by Kapton tape. The NFC chip and the components are attached with solder paste. By dissolving the WST with water droplets, the whole circuit is transferred to the target substrate, which is water-vapor-permeable Tegaderm adhesive. Finally, another Tegaderm layer is used to provide protection from the skin.
A biopatch for continuously monitoring hydration was reported in Reference [62] . The sensor, which measures the concentration of NaCl in sweat, was based on Melexis MLX90129, which is used for the potentiometric sensing of electrolytes in sweat, reading surface temperature, and sensing the potential difference between two electrodes. The flexible printed circuit board (PCB) was built from Dupont Pyralux. Double-sided medical adhesive tape is used below the patch, while, above the patch, a medical textile covering is added to protect it and improve visual aesthetics.
A non-invasive, flexible, and wireless pH-sensing system for monitoring wound healing and identifying the possibility of early-stage infection was reported in Reference [63] . Low pH is beneficial since it helps counteract microbial colonization from many human-pathogenic microorganisms that require a more alkaline environment for growth. The sensors consist of a working electrode and a reference electrode. The electrical potential across the two electrodes is a function of the concentration of H + ions in the solution. The sensor is interfaced to an NFC SL13 chip from AMS with a buffer amplifier (AD8603, Analog Devices Inc., Norwood, MA, USA). The pH sensor exhibits a linear sensitivity of −55 mV/pH and stable performance under mechanical bending in a pH range of 4 to 10.
A low-power complementary metal-oxide semiconductor (CMOS) ion-sensitive field-effect transistor (ISFET) array for pH sensing was inductively powered using NFC in Reference [64] . Each pixel in a 3 × 3 array contains an ISFET operating in weak inversion that detects changes in pH as a current. The output for all pixels is then averaged, and the resulting signal modulates the frequency of a ring oscillator. This provides simple analog-to-digital conversion suitable for reading and transmitting. The application-specific integrated circuit (ASIC) power consumption was 6 µW (at a 1.2 V supply). The SIC4310 from Silicon Craft NFC IC was used in the study.
The literature contains specialized ASIC designs that integrate sensing, signal processing, energy harvesting, and NFC communication. A batteryless wearable electrocardiogram (ECG) monitoring system-in-a-patch assembled by biocompatible and pliable silicon-in-parylene technology was reported in Reference [65] . The system is able to process the acquired ECG signal and detect arrhythmia using a built-in digital signal processor (DSP). An NFC communication system is used to interface the external reader. The system requires an additional power source. The energy harvested from a 5 × 5 cm 2 thermoelectric generator (TEG) module (60 W of output power) can be powered and stored in a supercapacitor.
An integrated system-on-chip (SoC) for long-term implantable continuous glucose monitoring was reported in Reference [66] . This integrates an amperometric glucose sensor interface, an NFC wireless front-end, and a fully digital switched mode power management unit for supply regulation and on-board battery charging. It uses the 13.56-MHz (ISM) band to harvest energy and backscatter data to an NFC reader. However, it does not use standardized protocol, and custom ASK demodulator circuits extract the modulating frequency that encodes the glucose concentration.
Another ASIC for a wireless fully implantable glucose sensor was reported in Reference [67] . In this case, the NFC was based on ISO15693 for passive wireless readout through an NFC interface. The IC is used as the core interface to a fluorescent, glucose transducer to enable a fully implantable sensor-based continuous glucose monitoring system. The whole system (photodiodes, transimpedance amplifier (TIA), ADC, electrically erasable programmable read-only memory (EEPROM), and NFC), except for an external LED, is integrated into the IC.
Chemical gas sensors based on NFC technology were recently reported in the literature [68, 69] . Portable gas sensors are used for diagnosing point-of-care diseases, detecting explosives and dangerous chemical agents, indicating food ripening, and monitoring environmental pollution [69] . Reference [68] presents a fully passive flexible multigas-sensing tag for determining oxygen, carbon dioxide, ammonia, and relative humidity, readable by smartphone. The tag is based on NFC technology for energy harvesting and data transmission to a smartphone. The gas sensors show an optic response that is read through high-resolution digital color detectors. A white LED is used as the common optical excitation source for all sensors. The responses of the sensors were calibrated and fitted to simple functions, thus allowing fast prediction of gas concentration. Another gas sensor detection system was presented in Reference [69] . Sensitized single-walled carbon nanotubes (SWCNTs) whose resistance changes with gas concentration (NH 3 ) were inserted in series with the NFC IC. The effect of the gas causes the tag to detune. When gas concentration is high, power transfer is insufficient for effective smartphone-tag communication and the tag is unreadable.
An NFC bicycle tire-pressure measurement system (BTPMS) was presented in Reference [70] . The sensor comprises an ASIC that integrates an on-chip capacitive pressure and temperature sensor, an RFID interface for HF/NFC, and EEPROM. The IC is soldered with wire-bonding to a FR4 PCB with the antenna. The tag is incorporated into the bicycle tire. A marker on the tire's exterior indicates the position of the NFC BTPMS, and therefore, the NFC readable area. The pressure can be read using an ISO 14443 RFID-compatible reader. As the sensor presents linear dependence, a two-point calibration technique is sufficient for sensor calibration.
Low-cost monitoring systems are in demand for irrigation control at home, in greenhouses, or at garden centers. A low-cost, batteryless, NFC-powered device capable of measuring volumetric water content (soil moisture), temperature, and relative humidity was recently presented in Reference [71] (see Figure 13 ). The tag was based on a M24LR04E-R from an ST NFC IC connected to a low-cost microcontroller (Atttiny85 from Atmel). The data are shown on a smartphone application or uploaded to the cloud for sharing or storage. The temperature is measured using an I 2 C temperature sensor (LM75A), while air humidity is detected by reading the analog output from the HIH-5030 humidity sensor from Honnewey, designed for measuring soil volumetric water content. Capacitance measurement is based on a low-power timer 555 working as an oscillator, and a diode detector whose output is measured by the ADC of the microcontroller. The external circuitry requires less than 1 mA at 3 V to operate. A procedure was presented for calibrating the sensor based on a simple expression whose coefficients can be experimentally obtained. Figure 14 shows a measurement taken with the system. This reference shows that conventional low-power sensors can be integrated within the NFC tag for the new generation of IoT devices. NFC IC. The effect of the gas causes the tag to detune. When gas concentration is high, power transfer is insufficient for effective smartphone-tag communication and the tag is unreadable. An NFC bicycle tire-pressure measurement system (BTPMS) was presented in Reference [70] . The sensor comprises an ASIC that integrates an on-chip capacitive pressure and temperature sensor, an RFID interface for HF/NFC, and EEPROM. The IC is soldered with wire-bonding to a FR4 PCB with the antenna. The tag is incorporated into the bicycle tire. A marker on the tire's exterior indicates the position of the NFC BTPMS, and therefore, the NFC readable area. The pressure can be read using an ISO 14443 RFID-compatible reader. As the sensor presents linear dependence, a two-point calibration technique is sufficient for sensor calibration.
Low-cost monitoring systems are in demand for irrigation control at home, in greenhouses, or at garden centers. A low-cost, batteryless, NFC-powered device capable of measuring volumetric water content (soil moisture), temperature, and relative humidity was recently presented in Reference [71] (see Figure 13 ). The tag was based on a M24LR04E-R from an ST NFC IC connected to a low-cost microcontroller (Atttiny85 from Atmel). The data are shown on a smartphone application or uploaded to the cloud for sharing or storage. The temperature is measured using an I 2 C temperature sensor (LM75A), while air humidity is detected by reading the analog output from the HIH-5030 humidity sensor from Honnewey, designed for measuring soil volumetric water content. Capacitance measurement is based on a low-power timer 555 working as an oscillator, and a diode detector whose output is measured by the ADC of the microcontroller. The external circuitry requires less than 1 mA at 3 V to operate. A procedure was presented for calibrating the sensor based on a simple expression whose coefficients can be experimentally obtained. Figure 14 shows a measurement taken with the system. This reference shows that conventional low-power sensors can be integrated within the NFC tag for the new generation of IoT devices. 
Conclusions
We recently witnessed the rapid deployment of NFC technology driven by contactless payment applications. Although NFC technology was developed over a decade ago, it was not until its massive incorporation into mobile phones that it became popular. This expansion led to the emergence of passive NFC sensors using the energy-harvesting possibilities provided by this technology. In this paper, we reviewed recent studies found in the literature. We also addressed the design of labels based on energy harvesting, as well as several aspects that can limit the transfer of power between the tag and the reader. The inductance (and the corresponding capacitance) chosen in the tag design has an important role in the energy harvesting and the loading effects between the tag and reader. This interest in passive NFC sensors led manufacturers of integrated circuits to present several ICs with energy harvesting, thus demonstrating the potential market for this technology. We also reviewed some of these ICs and highlighted their main characteristics. A review of the state of the art in batteryless NFC sensors revealed great interest in these sensors for food monitoring and wearable biomedical applications. In these applications, it is essential to eliminate potentially dangerous batteries due to their toxicity and high costs. Compared with other types of wireless sensor technology, such as UHF RFID, an inductive link at the 13.56-MHz band is more insensitive, where the body introduces high losses that limit the read range. Another advantage of NFC devices over UHF devices is the fast ROI. This is because a specific reader it is not required, since a smartphone can often be used as a reader. The data can then be uploaded to cloud database services. The ease with which NFC technology is used makes it ideal for use by elderly people in telemedicine and electronic health applications. The greater privacy and security of NFC communications compared to UHF RFID is another point to consider in biomedical and telemedicine applications. If a specific sensor must be designed because one is not commercially available, integrating NFC electronics within the ASIC and the sensor signal conditioning is justified. In other cases, standard commercially available NFC ICs were used in the NFC-based designs found in the literature. These ICs are often based on the standard ISO 15693 because higher communication distances are obtained compared with the IC under the standard ISO 14443. 
